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Abstract: A vanadium dioxide-based multilayer metamaterial is proposed with bifunctional
properties of absorption and polarization conversion. When vanadium dioxide is in the
metallic state, the designed system behaves as a single-band absorber which is composed
of a vanadium dioxide disk-shaped array, a silica spacer, and a vanadium dioxide continuous
film. The performance of absorption can be tuned by changing either the diameter of disk or
the thickness of silica. The design of this absorber is robust against incident polarization and
incident angle. The proposed single-band absorber may be generally applied for plasmonic
detection, cavity resonator, and optical band-stop filter. When vanadium dioxide is in the
insulating state, the designed system behaves as a cross polarization converter which
mainly consists of a one-dimensional metallic strip-shaped array, a silica spacer, and a
metallic continuous film. The designed metamaterial can convert a linear plane wave into
its corresponding cross-polarized wave with the efficiency of >90% in the frequency of
2.0-3.0 THz. The physical mechanism of polarization conversion is explained by a simple
picture. The proposed metamaterial could be a potential candidate for the modern device
of polarization control.

Index Terms: Absorption, metamaterial, polarization, vanadium dioxide.

1. Introduction

In the past decade, metamaterials, artificially manufactured materials arranged in periodic arrays,
have attracted considerable research interest of researchers in the fields of electromagnetics and
optics. This is because their unique electromagnetic properties and phenomena in many areas
cannot be realized in natural materials, including negative refractive index [1]-[3], perfect lens
[4]1-[6], and polarization converter [7]-[9]. By designing artificial “meta-atoms”, the subwavelength
structure of metamaterial can be flexibly tuned because it is determined by structures of the internal
design rather than the chemical composition. This characteristic enables metamaterial to have des-
ignable effective permittivity and permeability. Different kinds of metamaterials have been proposed
to meet lots of applications, such as wavefront control [10]-[12] and perfect absorption [13]-{15].
But most of designs are not easily changed once they are fabricated. With the development of
metamaterial technology, in order to achieve active tunability and/or reconfigurability, metamaterial
can be combined with graphene [16]-[18], phase change material [19]-[23], liquid crystal [24],
ferrite [25], diode [26], and structure change [27].

The response of metamaterial can be manipulated by integrating materials with adjustable
electro-optic properties. Now, many efforts have been made to develop tunable systems. In view of
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Fig. 1. Three-dimensional schematic of the proposed metamaterial and its side view.

the wide range of potential applications, various phase change materials are studied. Vanadium
dioxide (VO2) undergoes a structural transformation from a monoclinic phase to a tetragonal
phase around 340 K [28]-[31]. Phase transition in VO, can be caused by external electrical,
optical, or thermal excitation. The room temperature of phase transition enables people to employ
this characteristic in many different applications. With the occurrence of phase transition, the
conductivity of VO, varies significantly by 4-5 orders of magnitude, which can control the optical
properties of nano-photonic structures. Besides, the reversible change between insulator and
metal makes VO, attractive for reconfiguration. Therefore, it is a candidate material for electrical
and optical applications, such as switch [32], sensor [33], and modulator [34]. In this work, a
multilayer metamaterial using phase transition of VO, is presented, and it can be switched from
a single-band absorber to a cross polarization converter. When VO, is in the metallic state, the
designed configuration behaves as a perfect single-band absorber based on two-dimensional
arrays of VO, disk on a VO, film. The performance of absorption is polarization-insensitive and
angle-independent. When VO, is in the insulating state, the designed configuration behaves as an
efficient cross polarization converter working in the reflective mode at terahertz frequencies. It can
convert a linear-polarized wave to its orthogonal direction. Because of the subwavelength size of
the unit cell, the performance of the proposed structure is still good for oblique incidence even up
to 45°.

2. Design and Method

Figure 1 shows the schematic of the designed configuration, which consists of six layers. Each
layer is listed as follows: VO, disks, silica (SiO,) layer, VO film, metallic strip, SiO, layer, and
metallic film. Geometric parameters of the structure are given as follows: period P =40 um,
diameter d = 29.03 um, thickness of the top SiO; t; = 4.05 um, thickness of the bottom SiO,
t- = 11.0 um, and width of the metallic strip 9.5 um. The thicknesses of VO, disk and VO, film
are 1 um. The thickness of the metallic strip and film is 0.5 xm. The frequency-dependent complex

dielectric permittivity of VO, is described by Drude model ¢(w) = &5 — w‘:fz’:;)w in the terahertz range,
where ¢, = 12 is the dielectric permittivity in the infinite frequency, w,(o) is the plasma frequency
dependent on conductivity and y is the collision frequency [35]-[38]. In addition, w%(a) and o
are proportional to free carrier density. The plasma frequency at o can be approximately defined
by w3(0) = Zw5(00) with og = 3 x 10° S/m, wp(0o) = 1.4 x 10" rad/s, and y = 5.75 x 10'° rad/s
which is independent of o. The phase-transition process of VO, is accompanied by great changes
in both conductivity and dielectric permittivity. In the calculation process, different permittivities of
VO, are adopted for different phase states. In our simulation, the conductivity of VO, is assumed
to be 2 x 10° S/m (0 S/m) for the metallic (insulating) state. The relative dielectric permittivity of
the insulating VO is set to 12. These two assumptions can simulate the phase-transition process

of VO,. The conductivity of gold in the terahertz range is considered as 4.561 x 107 S/m. The
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Fig. 2. Simulated reflectance and absorptance under normal incidence.

dielectric permittivity of SiO- is set as 3.8 [39], [40]. Three-dimensional finite element method is
used in calculation. Unit cell boundary conditions are set in the x and y directions. In calculation,
fine mesh is carefully chosen to ensure the convergence of the result.

3. Results and Discussions

3.1 The Designed Switchable Metamaterial Behaves as a Single-Band Absorber When VO,
Is in the Metallic State

As the thickness (1 um) of the VO, film is thicker than the skin depth to block the wave transmittance
(T) in the terahertz region, T of the absorber is nearly zero (T ~ 0). Therefore, absorptance (A=1 —
R—T =1—181]?> — |S/?) of the structure is equal to 1 — R. Figure 2 shows the reflectance and
absorptance spectra of metamaterial structure. The peak of absorptance is 100% at the frequency
of 2.5 THz at normal incidence.

In order to obtain the ideal absorption, the impedance of the absorber is necessary to match
that of the vacuum. As shown in Fig. 2, the central working wavelength of absorption is ~120 pum.
The ratio between this wavelength and period is 3. From the perspective of macroscopic electro-
magnetics based on effective medium theory, it looks acceptable that when VO, is in the metallic
state, the designed system can be regarded as an isotropic uniform medium with effective optical
parameters (dielectric permittivity ¢, magnetic permeability ., refractive index n, impedance z). The
S-parameter retrieved method is used to extract the corresponding effective parameters [41]. The
calculated effective optical parameters of the VO, disk, the middle spacer, and the VO, continuous
film are shown in Fig. 3. For an individual VO, disk and an individual VO, continuous film, they are
only electrically responsive to electromagnetic wave. The calculated effective electric resonance in
Fig. 3(a) is caused by the VO, disk at the frequency of 3.54 THz. Because of the near-field coupling
between the VO, disk and the VO, continuous film, the induced electric current flows oppositely
along them. As shown in Fig. 3(b), it clearly presents a magnetic resonance at 2.51 THz. The
existence of this kind of magnetic resonance ensures that the condition of impedance matching
can be well satisfied at a specific frequency. The imaginary part of refractive index in Fig. 3(c) is
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Fig. 3. The retrieved optical parameters (a) permittivity, (b) permeability, (c) refractive index,
(d) impedance.
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Fig. 4. Calculated absorptance with respect to (a) the diameter and (b) thickness.

enough large, and then it will cause a great attenuation of electromagnetic wave. The real part of
the impedance in Fig. 3(d) is close to 1, and the imaginary part is almost zero. As a result, there is
a frequency band where reflectance is minimized and absorptance is maximized.

Absorption peak can be tuned by varying the disk diameter and the SiO thickness. Figure 4(a)
shows the absorptance spectra for various disk diameters. The increase in the disk diameter results
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Fig. 5. Simulated absorptance for the proposed absorber at different polarization angles under
(a) normal incidence and incident angles for (b) TE and (c) TM polarizations.

in a red shift in the resonant frequency. The intensity remains unchanged. On the other hand, when
the thickness of SiO, layer increases from 2 um to 10 um in Fig. 4(b), the intensity of absorption
firstly increases and then decreases and the working position has a little variation. The absorption
peak is maximized when the SiO, thickness is around 4 um.

The influences of incident polarization and incident angle on absorptance are investigated.
Figure 5(a) shows the absorptance as a function of the variation of polarization angle. The results
show that absorptance is completely insensitive to the change of polarization angle under normal
incidence. The rotation symmetry of the designed configuration retains polarization-insensitive
performance of the system under normal incidence, which is very useful in many applications.
Also, it is very important for an absorber to work well at oblique incidence. In order to deeply
analyze absorption behavior of this structure, the performance of absorber is studied under oblique
incidence. In Fig. 5(b)—(c), as the incident angle increases from 0° to 90°, absorptances of
transverse electric (TE)-polarized and transverse magnetic (TM)-polarized waves are shown as
a function of incident angle and frequency. Red region means high absorptance. Absorptance of
TE-polarized wave in Fig. 5(b) is stable within the incident angle of 45°. When incident angle is
larger than 45°, intensity of absorptance decreases and bandwidth becomes narrower. It is mainly
caused by the decrease of parallel component of magnetic field with the increase of incident angle.
Absorptance of TM-polarized wave in Fig. 5(c) can reach 100% at the resonant frequency for the
incident angle from 0° to 75°. This is because magnetic field of TM-polarized wave is always parallel
to the xoy plane. This angle-insensitive performance is a result of strong coupling of localized
surface plasmon with incident wave.

3.2 The Designed Switchable Metamaterial Behaves as a Cross Polarization Converter
When VO, Is in the Insulating State

When the incident wave is polarized along the polarization angle 45°, the simulated result of
cross-polarization reflectance is shown in Fig. 6(a). As shown in Fig. 6(a), the peak of polarization
conversion occurs with the efficiency of >90% in the frequency of 2.0-3.0 THz. Therefore, at
this frequency range, the incident wave shows almost perfect orthogonal polarization conversion.
The working mechanism can be simply explained by the following analysis. The electric field
(E;) of incident electromagnetic wave along the polarization angle 45° can be decomposed into
two vertical components, Ej and Ej. Generally, the field of reflection is composed of x and y
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Fig. 6. (a) Reflectance of cross-polarized wave. (b) Reflection amplitudes and (c) phases for x and
y-polarized waves. (d) Reflection phase difference between x and y directions. Inset in (b) means that
incident electric field is decomposed into two orthogonal components along the x- and y-axes and
reflected electric field is rotated by 90°.

components. Due to the existence of anisotropy of the designed structure, the reflected wave
along the x and y axis has different reflection amplitude and phase. Understanding this point, the
proposed design is analyzed, and the amplitude and phase of reflection coefficient are studied.
The amplitude and phase of the reflection coefficients along x and y directions are shown in
Fig. 6(b)—(c). When the amplitudes of E., and E,, is nearly equal and the phase difference in
Fig. 6(d) between them is ~180°, the polarization direction of the reflected wave will be orthogonal
to that of the incident wave and then cross polarization conversion is realized.

Parametric analyses are conducted to study the influences of strip width and SiO, thickness
on the performance. Figure 7(a) shows the effect of changing the width of gold strip on the
cross-polarized reflectance. When the width increases from 4 um to 9.5 um, cross-polarization
reflectance has one peak and the intensity gradiently increases. For smaller strip width, the
bandwidth is small. When the width increases from 9.5 um to 20 um, cross-polarization reflectance
has two peaks and the intensity between two peaks gradiently decreases. The optimum width is
9.5 um. The influence of the thickness of SiO, is also studied. The results are shown in Fig. 7(b).
With the increase of thickness, the peak of cross-polarization reflectance shifts red. When the
thickness is smaller, there is one peak. When the thickness is larger than 11 um, there are two
peaks. So cross-polarization reflectance is sensitive to the thickness of SiO,.

The effects of polarization and incident angle are also studied. The result in Fig. 8(a) is cross-
polarization reflectance as a function of polarization angle and frequency under normal incidence.
When the polarization angle is 0° or 90°, the value of cross-polarization reflectance is nearly zero.
This result is very reasonable, because E and H fields of incident wave are parallel to the coordinate

Vol. 12, No. 1, February 2020 4600109



IEEE Photonics Journal VO,-Based Bifunctional Metamaterial for THz Waves

Width of gold strip 10 - ' Thickness of SiO,
(um) (um)
+ —_—1 L, 0.84 J 4
1 . [~
] ] 8
8 — G5 8 0.6 o — ]
| =
< <
3 — ] ] ‘5 — 15
D D
E 15 % 0.4+ — 20
S o
v w)
—20 —_—
2 2 25
S B
@) O 0.24
(2)
0.0¢ T T T T 0.0 y T y y
1.3 1.8 2.3 2.8 33 1.3 1.8 23 2.8 33
Frequency (THz) Frequency (THz)

Fig. 7. Variation of cross-polarized reflectance with the variation of (a) the width and (b) the thickness.

90 90

Y
S
=
S

Incident angle (*)

w
S

Polarization angle (°)

13 18 23 28 33 38 13 18 23 28 33 38
Frequency (THz) Frequency (THz)

Fig. 8. Reflectance of cross-polarized wave as a function of (a) polarization angle and frequency under
normal incidence and (b) incident angle and frequency.

axis and electromagnetic wave cannot feel the existence of anisotropy of the structure. Anisotropy
can help to provide different electromagnetic response to incident electric field. When polarization
angle is not 0° or 90°, the non-zero value of cross-polarization reflectance can be obtained.
Moreover, reflectance of polarization conversion has the highest value when polarization angle
is 45°. So structural anisotropy along the x-axis and y-axis plays an important role in the process
of design. In order to make the designed polarization converter valuable in many applications,
the performance of polarization converter should be stable with the change of incident angle. As
shown in Fig. 8(b), the intensity and bandwidth of cross-polarization reflectance is quite stable for
the change of incident angle until 45°. Because the ratio of wavelength 100 xm (3.0 THz) to period
40 um is ~ 2.5, cross-polarization reflectance can effectively avoid scattering lobes in the working
region. When incident angle is larger than 45°, the bandwidth of cross-polarization reflectance will
become narrower, and finally converge into a single frequency. So the insensitivity of incident angle
within 45° makes the proposed metamaterial candidate for many potential applications.

4. Conclusion

To summarize, a bifunctional metamaterial is designed, and it can be switched from an absorber to
a cross polarization converter. When VO, is in the metallic state, the VO, disk, the dielectric spacer,
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and the VO film will form an efficient single-band absorber in the terahertz frequency [42]-[45]. By
properly designing structure, this absorber work very well for TE and TM polarizations even at the
incident angle 45°. The designed absorber may have potential applications in sensing, detection,
and filtering for terahertz wave. When VO is in the insulating state, the designed system behaves
as a highly-efficient reflective polarization converter in the terahertz frequency. The efficiency of
cross polarization is >90% from 2.0 THz to 3.0 THz under normal incidence. It also shows excellent
performance for oblique incidence.
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